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ABSTRACT

The purpose ¢f this report 1s to describe an experimeuisl ‘iix:vestigntimx
W-wn:h %he behavior of & few structural mehals under = range of strcees
c;xndi.*,icns epplied in tlmes thal cor.espona 10 Lhe respons-: whiich might be ex-
citud in ship atructures by wderwater explosion or alr blast loeding, or ig
building structures by earthquake shock or the explosion of & large scaly wWeapor.
The engiacering anpecis of waterial behavior are emphasized.

The teots included unlexliel siress applicd 1o elther tension or compres-
slon, and fleaural stress prodweed by thira-poinf leading of emall bemas of
rectangulor scetion. Tue rise times of the loadings were varied from a few
milliseconds %o several rioutes. An dtteapt 1: mad. o correlate the resulss
obtained in tas unjexis. otress Lests wilh theee obtainia St flesure.

The appiicahliity of the rosults of this fuvesiigatlon o the gznerad
piobless of det.emir.ing the behdvior of structures wder trensiest Ajyawri~ loadings

producing extensive lnelastic deformations 1c discusred, briefsy.
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THE ENCINEERING EEHAVIOR OF STRUCTURAL METALS UNDER SLOW .- 0 ING
1. GENERAL INI~ODUCTION

1.1 lntroductiou

The pwrpcse of the laovestigation wnich vag conlucted st the University
of Illinois under Coriract Rxnr-1834(01) wes to determine the time sensitive
siress~deformwtion characteristics of iis ore commonly used structural metalas,
and tbe engineering significance of this informution in the solution of problems
concerned with the behavior of metal structures under transient dynamic loads
producing extensive inelastic defurmatioas.

Tue work which was done on the project can be diviced arbitrarily into
threa relsted parts: (1) The testing of structural metals under unisxial stress
conddtiuns which e produced slovly or repidly, (2) the corrvlation of these
beliaviors with the ones obtained under conditions of slowly or rapidly applied
flexural stress, (3) the asvelopmeul of the sperinl testing spparatus required
ror'the experimental work. ‘laese phases also form the wmajor divisions of this
report. .

In the firet paci of tke report is discussed the busic spparatus devel-
oped at the Univ'er;;!t,,v of lllirpel= for usc in the application of slovw to rapid
loads to uniaxially Atregsed coupons, smull beams, or model frames. Sipce
sprcinl fhitures sud instrumentation were nre~seary for each tﬁe of test, only
the basic spparatus will be diascusced ln this sectionm. The details of the fix~
tu:es and instrumentaticu iili e descrived iu the otber sections of the report
wvhich pertain to the actusl testing programs; these arv: Sections 2 and 3 which

describe respectively tke uniaxial streas studies and the flexural stress studies.



The investigations corducted at the University of I1linois as 3 part of
Contract Nour-1334(0l) wore concerned with the enginsering sspects of the behavior
of the materials and structural =lements under cousditions of slow and rapid strecs-
ing. ‘the metallurgical and fuadsueniad yhysical nature of the Jdeforwation process
vas beyond the gcope oif this project. However, an attempt was made to clmssity
tho materisls which were tested by evuluating and recordiag the metallurgical na-

tures and the chemical compositions involved.

1.2 Scove

In the investigstion described {in this report small specimens of
several sizes, shepes, and materials vere tesied st room tqperatur-e under stress
copditions uhich for scm steels included uniaxial teasion, uniaxial coqpreaston(
and flexure. These "stressings” were applied vith a specially “onstructed machine
that permitted independeut coutrol of the "rise” time of the loading, the maximum
load, durstion of the load, and the time of load decay. (Thie zachine was de-
signed not only for this lnvestigation, but for general use as & pulse loading
unit capable of applying a cont.r&lcd load of 20,000 lb maximum to small siruc-
turkl elements in times as short ss 0,005 seconds.)

In most of the testy, the loads were Leld at conatant levels after -
application until the ylelding process hed been coqpleted. The uin variables of
the expericental investigations were:

Unlaxiel Teuslon

1. Jise time of ioad (0.005 second minizam to spproximately 100

geconds )

2. Maximum stregs level

3. Tue type of steel (ceal-killed, rimped, low-alloy)
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Uniaxinl Comnression-Toasiou

4, Msnner of loading (%+nsion, eowprsssion, apd reverse loadings)
Some seconaary variables of the uniarial tests were-
a. Manner of {rvatamert (as-rolled, annealed before machining,
snncaled witer mackining )
L. Surtmce rinish (&e-machined, polished, notched)
Flexure

5. level of saxiz'wm losd

Using necillographes ard arsociat<d Instranentation having sdeguate
responss characteristice, records with resprct to time weve Laken of the nominel
sperimen reslsting swtresn, surfac.e etraines, wd averagr elongation over the
"gag.” leagth of thuw epecim:n. Frow these rerords the relat.ons betwwen stress,
siraln, and time were determined for the various tests,

The reesul's of the unjaxisl terslon and compr ::!lun teets are presented
and discussed (o terms of (1) t. time a:ley 0 *ti~ 1ni{tistion of a eigaificant
smount of yi.lding, {2) *t+ ra%c of gensial yi.jaing where mppiicable, and ! 3)
the general nature of the 2tre-g-ctrajn-tine brravior of the: various metals
tegtcd,

1o the olow @ d repld Ii-xura t.obts Of small bosus of rectangular
sectiou under third-point loading. =ncugh informmt for. vas obtained that the time
dependent strest-ntrain belwvics in ‘e purm. exural reglon of the bean could
be determines. An stterrs is wade *c ~orpslate tbls belwmvior wita the informa-

vion obtulned from wnlaxiwl t=sts of tLe sane material .



2. RAPID LOADING AND STRAINING EQUIPMENT

2.1 Introduction

Tae equipment used for producing the loads and the deformations

i]

required during the agurce of *he »roJuéct vonristed of two types; those in whieh
wominal detormation was the quantity most nearly incependent. of the specimen bhe-
uavior (standard hydraulic and screw-type uni'.'érss.l tesling machines mand a
speciaily constructed hydraulie actuator), wad the slow and rapid pneumatic
loading unit with vhich nomined louds th4t are oearly ifndependent of specimen
redponse cowld be produccd. The pneupatic unit is bercafter callud il pulse
loading unit.

The Baldvip universal hydrawlic testing machine vhich was used ss the
load standard in all dynascxmeter calibrations, vas also used for amsny of the
slov tests run at rutes coarorming to ASTM specifizstior A J70-%¢T. However, in
the lauter atugeo of the project, four convealence in use of the osclllographic
squipment wlth which all slow snd rapii tests were recorded, a hydravlic actuatar
systex affordiag ncmioal svaird.r.;. controd at slov rates of deformation was de-
vised. Thie could be guickly comtected lu se~lee wilh the pulse loading unit so
that no change of ei.har instrusentation cconections or apociucu flalures vas

necdssary in changing rrom slow atraining tes*s to rapid loading vests,

2.2 Deccription of the Loading Apparatus

For the initiml purpne~s ot the {nvestigation, a dev'I: that would
produce = rgpid loading pulsr, thet 1=, a puls- that I8 nearly indepzndent of
vpecimen responae, wsse very desirabls ool ooly berause such a device would permit
producing the ¢ oired loadiug withou! the need of accurate konowledge of the specl-~

i*n’'s response characteristics, but alzo b cause nearly ideniical loadlng pulses



-

could be applied easily to structural components, crups , 2v = H;e. b YILE
varylng response charncteristics. Other rejuiva:ats were orad the minixm rise
and decay timss of the loading pulse should not exc.=n foptu . dately teor milli-
aecondas, that voth the 'nnauit.u.de ead duration of the loadi-w ‘suld he independs
eatly controllable, and that the maxiuum loading wircke Srnould he at least four
inches with an msuociated drop in load of not wore tha: U ver cent.

The 2-kip puwlse loading device shown ia Figs. 1, 2, and 3 wus
developed to satisfy these requircments. This unit is a pisten duvice in which
the load output is the result of diffcrectial pressure. Cc-m.prgns-:u‘l altrogen or
asllax 2% weed & the presswe sowrce. The rapld applicetiuu and releuse of the
load can be achieved through the use of solenold triggered 1l.le valves w obtaln

the timed pressure rulease from the two chunbers of the devise,

2.5 Contioi uf loading

The use of this device permits the applicution of a loading pulse that
may begino from a static ievel ranging from 20 kips tension to 20 kips compression,
undergo & rapld change of nluz or miaus X kips marximun (with the 1 trictioa
that the prvpulse load plus the dynowic change in load can rnot exceed the limits
of plus or minus 20 kips), and then meturn rapidly to zeruv losd. The duration of
the peek load may be varied fror 2 fou m1llisciowdsd v mmay Lours, Lhe rigse and
decay times of the lowding pulses wre nontrollsble by sdjustlng the sips of the
pressure release orificer, The mirvimur time for citker rise or decay of the load
{6 approximatcely six milliseconde. Uslug the adju: tahie orifices, it is possible
to increase the time for rice or decsy of the load o upproximately hmif = seoond,
and, of course, loadings al relativ:cly slow ratee can be acklcved by the slow
bulld-up of pressures in the cheambess of the unit using +he manual pressure supply

system. A few possible loading pulses s;e shown in Fig. &




€

2.4 Past Usage in Testing

In the investigatinn dedcribes in this report the 20-kip pulse loading
wnlt was used for the repid unlaxial tensiou and compression tests, and also for
tie experiments involving rectangular besms under third-point loading. In addi-
tion tu theae investigaii~us for which the testing srrangetients are shown in Figs.
T aud 31, the loading waii wes used aiso 1n 4 ceries of tests of small model
Jrames undar both slov and rapid loadings The arrungement for theie experixents
is shown in ¥ig. 5.

Since the successful development of the 20 kip ha;in,g unit, machines
oF laTger vupwcily bmsed upon 1ts design have been canstructed at the University
of Iiliaci®. Opne of these machines is shown in Fig. 6. Thia. machioe oas &
capacity of plus or aminus 60 kips end a minimus loading time of approximately 15

millireconds under ovdinsry usage,

2.5 Descriptior o tue Slow Straining Unit

A8 was mentioned in the introd.uc_tion to this section, a hydraulic
actuator wihich can be counected ir. series with the 20-kip pulse loading unit was
provided so that straining tests at slow rates could be performed coavaniently
vithout clanging the instiumentation or the mmpper of specimen coumnection. A
schemstic diagram of this unit and the sssocisted pressure control systym is chown

in Fis. 3. Toe entire testing arcangaent is skown in Fig. T.

2.6 Bumrary
A general purpose 163&1::3 unjt has been developed which permits control

of the load pulse as followa:
{a} The magnitude of the tensile or ompressive load pulse can be

varied from approximately 2000 o 20,000 pounds, corvesponding to
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meir chamber pressures of 100 t> 1000 psi. {100 psi is the lower
limit of consistent operation.)

The tis interval between the initiation of the load and the vtart
of load relesse can be varied from a 0.007 second wuinimur to long
hand-timed intervals.

The rise tiwe ol the load can be varied from & 0.005 second minimum
to 1.5 seconds uliixg the slide valves and variable orifices, or
from a 5 second mipimum to long times using the pressure regulators
and/or needle valves to contvrol pressure,

The decay time of the load is independently varishle. The runge
possible 18 the sane as that of the rise time since the two slide

valve assaemblies are identical.

For use in conJunction with this spparatus, sn attachment for tae

control of slow stralning rates has been pruvided, Tierefore, iu on= location,
spparatus is available with which slow tests may be run under either loading or

straining control, and also with which rapid loading puises can be applied.



3. UNIAXTAI. STRESS TESTS

3.1 Intrcduction

During the pesi few decades much ¢ffort has been devoted to determining
the behavior and the nature of the materials with which man builds. The mors
communly used the materiasl, the more exteunsive have been tho investigations. Cone
gequently, & great deal of iaformaticn is available concerniag the most cammounly
used structural @melal, steel. However, the fact that steel 18 an alloy of iron
end thereflore can have greatly diffuivat prop.rtier has made the determination of

~ *
10, 15, @, ¥, eone

its behavior in all its various formz s never tading task
as nev instrumentatlion capabls of mare mccwrate mcanuremeat or better time reaolu-
tion has been developed inveatigators have attompt:d to =xtend th=ir knowledge of
materials. The developwent, of the wir. r.sictance stralp gage and Lbc comaon
‘avauability of oscillogrephic equipaern? ust_-abll»; in the microsecond renge has led
5 Ll compurariveiy rercent work of Daviee, anc Clark ana Wood, et al., and has
therejore resulted in the acquisition of new kuoviodge pertaining to the time
sen.ivive behavior of aetals, 7

While it is probable that bo other mstorisle have been the subdect of a8
nany 1nves-t1gat§nns as structural stzel and siumimam, little informatiou iy availa-
ble about the sirecs-deformsation characteristizz of this: metals in th: range of
strain rates correspeading Lo thogss <hat might be craated in the mombers of t.ypi-cal
structurce by large dyravic forccs, “hat 15, 2traln rates locreasing trom'static”
to about 1 in./in, per ccoond . Furthermore, &5 regards iron alloys, the defoima~
tica characteristics arc grestly sffected by extrame.y smull coacentrations of the
alloying elemonts and also by *k2 form of their pressnce Jus 3olutes or preeipitates),

Numb:rs refer to entries in the bibliography. The bibliography includee
reforences for Lackground intformation in addition to thowu: references noted
in the text.
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In addition to these difficultles, no saticfactory theory based oii chemical composi-

tion has teen developed with which quuntitative predicrions of the time sensitive

bahrviar of these metals can be wade, although qumlitatively many characterigtics

cun be explsinedb" 1€, 17, 29, hl. Therfore, the time Qependent stress-deformation

characteristics of specific metals usually must be determined by experimental xeans.
The uniaxisl stress tests deucribed in this report were perfomed to

obtain apeciﬂc stress-atrain-time information for & few of the mure commonly used

atructural mstersials,

3.2 Deseription of Uniaxial Testing Series

3.2,1 Typzs of Bpecimens

L )

The materials which vere mvest.igated ioncluded the following: rimwed
stecl frow one inch bar stock in the as-rolled and annepled condition, semi-killed
steel from one inch plmte stock in the ss-rolled conditica, fully-killed sieel,
ASTM A-T steel obtalued from s MM section, twu low-alloy steels, a chrome-nickel
steel, u steel meeting ASTM specification A-Z42, and USS T1 ste=l., Iu addition
o) 61-T0 aluminua was tested. A sumzary of the nnh-ri:.-.is tested 138 given iu ladle

1 and a description of the systw used for specimen desigamtion is presenved in

‘Tn the preliminary series, composed of specimens hering an arca of 0.100
83 in., the rimmed steel bar stock (RB) und the sewmi-killed stecl plate stock (SP)
wese tegted ss-rollea (A), anpe.i2d after asachining (D), and annealed before
machining (€). In nddition, some of the specimens of the preiiminary serles were
tested pollshed smooth (S) and some with & -mall circumterentisl notch (N).

Following these tests it was derided to test thege two steels as-rolled
since metaliurgical investigations revealed that the microotructures vere quibe

uniforr. Thes= vere the series called 2 MRBA. 2 SRRA, 2 GSPAL, snd 2SSPAT..



1¢

The bar stock specimens were, of' course, tligned axielly with respect to
the direction of rnlling of ke bar. The plate wtock specimens were oriented with
their longitudinal axes elther paraliel to the dirsction of mill rolling (L) or
with thoi: waes cransverse tn the direction of mill reilinzg (T).

The tests of the NS, NL, and NN seriecs were ot instrumented as completely
ns the others, in that aply resisting stress-timc and §R-4 gage strain-time informa-
tion was recorded.

The d'mensions of the varlous specimen typec are given in Figa. 9, 11, 13,
and 1.3, The form of the specimens varied from areas of 0.100 sq in.‘ to 0.200 #q in.
wna in fora from the geatly curving profile 1llustrated in Fig. 9 to the profile
shown in Fig. 13b which was developed for use in eitherrtemion or compresaion.

Table @ also provides u kesy to the profile vsed for the various serles of tests.

3,2.2 Mecufscture of Specinens

The specimens which were tested ia the ag-rolled conditica were machined
“rom band saed blanks using a maximum depth of cut on each pass of no more than
7,02 in., uhich,- under the oll coolaut used, rslsed tne specimen tumperaruwsre O o
nore than 150 degrees F. The flicl oo ‘4 aboul C.ol2 in. ovepssize for the specl-
Ten to be polished, war sbout 0.005 in. in depth, Following this cul, the specimens
vere polished by hand Leld emery cioth to the fipal dixzeasions and to w finish that
spried frem about 11 microlaches r.n;s. 10 some 20 microinchz2s r.g.a., with an
werags fizizk of avout 15 wicroinches r.x.s. 3z lodicatea by a ‘ype PRC, ser.ia.l
11 (Profiicmeter; mavufactwred by the Fhysicis*s Research Company, c¢f Aon Ardor,
4ichigan.

Thr ms TRChined specimens were cut to (ke Iieal dimension wging a final
.ads OF about 0.005 in. The surisce roughreds of these specimens varied from sboul

00 to 200 microinches r.m.s. wilh an &verag: of about 150 microinches r.m.s.
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As was mentioned in Section 3.2.1, s few of the preliminary series

specimenc vere notched ecircumferentially (1#). These were "V" notches about 0.01

in, wide eand 0,01 in. deep.

Following the pretest measuresents of surfuce roughness and diameter, the
SRk gages, if used, were applicd to the gage sectior. ¢f the specimens. During
this process the specimens werw heated to ubout 180 degrees ¥ for a period of some

four hours. This may have smged tlhe muterial samewhat vith respect to the residual

ct.reases resulting from the mechining.
The procedure listed above, wilch is that followed in the preparation of

the aperolled specimena, vas follawed in preparing the wnealed Velove machining”
specimena beginniug, o'r coursg, with the mnnealed specimen blanks.

In the case of the "sanealed ufter machining” spsclmens, the Loat troats
ment, performed in an electric furnace by heating s tube containing the machised
specizens sealed in an ataospnere of hellm, was followed by the removal, by
yolishing, of the fiaal 0.002 ia. lelt by the machining process.

The ML, NN, and NHY specimens vere prepersd eluevhers snd sent to the

University for testing.

3.2.3 Metallurgical Properties and_Chcmicnl Compositions

In commenting upon the results of the wetallwgicul investigation per-
forwed by the Metallurgical Department of the Univeraity of Illinols on most of tue
steels used for the specimens described in this report, the suthors refer tae reader
to the summary given in Tsble 3, and the metallographs of Fig. 1k,

Tnese studies did show that the steels vere very uniform in their so-
called as~-rolled condition und that consequently tor this resson the annealling and

spherodiciag were nwi uecessary to obtailn coasistent results.
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The almost cowplete decarburizuation of steel NS, and the broadly

decarburized bands of steel NR should Le aooted, 1t is possible that this decarburi-

zat’on greatly affected the yield behavior of the materials as compared with that
of the other sivels.

The chemical cozpositions of the steels es deterwmined in a check analyois
by the R. W. Hunt Compuny of Chicago, are given in Table h._ Inadvertently the
axyguer content o1 the eteels was not reguerted: “bis is regretiable sluce iihds
would probably be one of the more important ¢i-'ferences between the rimmed nnd the

seml-kllled steels.

3 3 Description of Testing Procsdur:s

2.5.1 lrlt.l_s-runo.n‘.nﬂt_:ﬂ

To record the data from the preliminary serles of tests, the four channel
cathode ray osciilograpt shown in Flg. 15 wee uo.d. This squipmant was virtually
fla* in response from som. five Ccpz to thirty xcs. The lower limit was imposed by
the instahilitly of tbe D.C. preeapiifiers which caused sigpificant irirft in the
t.uﬁ.a over tiwa as short as C.l or 0.2 sicondr. For this reason, the equipment
vas not satisfactory for the retording of *esva lovouving durations of several
seconda.

fn the haals of the 1ecords obtalnea witk the CHO equipment, 14 was seen
ihat the Hathaway magn: tic oscillogrepiic egquipment available in the ltbo'rat.o_ry
would have response crsvarteristics aa-quate for tie faithful recording qi’ the
resisting stresevr and strains asrveigp d.“' the repid loedi te~ate with the advaniage
of excellent long time stability that woula permit use of trhe instrumentation for
the recordipg of slow tesgts ag well. ‘fherefore, the magnetic osclllographic equip-
ment, siown in Fig. 16, was uead for “ke mair ceries of teste. This equipmant

incluces o Hathavay Type S-14C magnetic oscillograpn, ic which were used Type 0C2,
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Group 2-3% recording galvanometers. The Type MRC-18 Hathawsy carrier strol~ amplie
tier gyeiea vus moditied using an externsl carrier oscillator and power supply
which had characteristics swperjor to those of the originel equipment. The usable
wpper frequercy liwlt is sbout 430 ops, while the lower limit, as mentioned abeove,
is D.C. A hlock diyrem of the Hathswasy equipment is shown in Fig. M.

{be phenomens recosded versus time for the preliminary testing series
were the foiloving: (1) the cutpul. of an SR-4 gage dynamometer recording the
stress develcpod on the end of the apecimen opposite that to which the load vas
applied; aud (2) the output of two SR-4 struin gages attacled dismetrically oppae
glte oach cther on & gage section of ¢ specimea., On the 2RB, 25P, NR, NHY, NL,

;nn XN seriws thu output from sn extensometer connscted scross the gage length vas
recorded aleo. Tho dynsmometer-specimel-extenscuster wrrangexcut used ror most of
these tests 18 slown in FQ. 10. 1o ail otker testing serivs, measuremeats in-
cluded the owtput of the dyusmometer as bufore, but strains were obtainad from a
dual raage epring type extensometer connected across the specimen, Thin extenco-
moter had two iundependent SR-4 bridges, the outpuis of vhich wers recorded vith
dirferout senpitivinies 20 that the entlre range of strains could be_ resolved
sdaquately.

Tha varicus dqnumter-insb:uwnutian syetams were calibrated "statically'
versus the load measuring systex in a 120,00C-lb Baldwin un!versal hydrauiic testing
maciliw. In -hecking e accurscy 7 4ho dymee et ereoecll grast loid Glasuring
system, mensuremecnts frox alow streinieg 1est oscilliogram: were coapared with the
ilond dial readings takeu oa lhe Baldwin smechine ol corrceponding times. Usuelly
the loads werc within about 100 ih ~ut of 10,000 1b with an occasiousl maximum error
aever greater than X0 1b, Thst 16, the wsusl error was about * L per ceat (and

usually lowers) with a maxiwuy error cever cbasorved to be greater than ¥ 3 per cent.



In the tests in ¥hich &H-U goges were attmched to the gege section cf
the apecimen, berding could be determined. The percentages 61’ bending vangad as
high a8 15 per cent in some fsw cases but generally were less than b per centl.

The alignment procedure possible with the development of the uniaxial tensicn-
compression fixtuies was sush thgs thc percenisggos ol bending were wuaily less
thzn 5 per cent.

The extensmeters that were used at veriocus times throughout these iaves-
tigations were =11 of the flat spriug iype shown in Fige. 10 and 13, 1This type of
oxtensometer mot requiremests for range, sensitivity, dynsmic charscteristics, sad
sizplicity. In these ™traasdiscrz”, flexwral strains in the flat aprings vere
nsasured with Sil-4 gagea compectud as rour am tridges with all arms active, so
that a straio maguification of four was oblrined sloug with temperature compsusatioa.

The extensomoter last used Dud two complete bridges of SR-U gages on thwm so that
‘tuo differsot seasitivities could be used to Tz3olve the total range of dpeciman
extension. Tharsrore, in thase iater tosls 3R-4 gages were not wied oa the
spacimana,

Just prior to sach test, ceilbration tiraces sere recordsd ca the oscilloe
grum by shunting the respective bridges with precisipn realstors whoss eguivalence
in terms f' the quantit!s beliug measured had been dstertiined sarlier, Usually the
camplet~ dmamometer sus. exionaometer-insti@entaticn channels ware calihraled
directly before mnd astsr every seriss of tests and, in soma cases;, in ihe middle
of & lo.ng teeting seriee,

Tt 1s velieved that the total errors sssociated with messurarent of
nomine’, load sre no more M't % per cent, and that the total arrors ssasursd with
t.:;e-',ﬂnt-eminum'm of extonsion betwaen the points of atta.chneﬁt of the extenso.

meters are no more than ¥ 5 per cent.
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A major problem associated with interpretacion of the results of the
tegts in which extensiocu wus measured acroes w reduced gage length 1s the deternina-
tion of the effective gage leugth of the specimens throughout the eutire renge of
deformation. The study which was wade of this proclem is reported {m Section 3.3,6.

.3.2 3low Teste

Fra thr somadavy of the testing, presentcd in Tebles 5, it can be seen
that slow testz, vith two exceptiions, were performad in the Baldwir universal
testing macoine, or the pulse=loading machine with or without the slovw atraining
attachmant. The equivalent elastic strain rateus used for thess lests vere within
thos allowaile undsr ASTK specilficaiion 37C-500. Since s cuther complets bummMry
of the conditicny under whick these tests vere ruc is given in Table 5,‘ very 1lit-

tle disiussion 15 uscossasy in the text,
It is to b noted that slow tests of the PBA specimens which were tested

in tis Baldwin mathine produced yle¢liding at lower streagwus than those wiich were

tested in the pulse loading wachine. MNowever, no such difference in yleld strength

was obtained for cpanimene of the SFA series. The differences between theae seriss

of tests vere the following: {2) the rtatic specimens which verc teated in the
Baldvin machine were “pricked” ou the geage wrew Ly the extensometer points (vhieh
might affect ylelding behsvior); (2) sligttly different lowdlng rates were used in

* In Tuble 5, thw constauta C, C. and C, are used within & test series to
differentiste between the couditions und.%r um.cn each test was run. For the rapid

tedts, C =g =0
', ‘Q’

iy
In Tuble % and in the strese pm«ters used in this report:

. upper yicld stresa

upper vield siress lu & slovw straining test
lower yleld stress

lower yleld siress ie & slow siraining test
Oy = ultimavre strength of a material

o
=t
L.

£e,
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the two machinee; and (3) the smoothness of application ot loading between the two
machine: may have ditrered.

In Figs. 17a and 17b are chown photographic reproductions (about halt
size) or the “ype of oscillograms which were produced during the slow tests in the

Baldwin machine as comparvd with the puluc loading muchine.

3.3 3 Machine Vibration Tests

To determine whether aay signiticant difference existed in the amoothness
of thae loadings produced by the three. teating wmachines used (the Baliwin machine,
ke pulse loeding muchine, and a H.ehle screv type testing machine), an sitempt was
nadc (o mesasure tue vibravions laduced in the test specimuas by operation of these
sesting machines. Wituin the sensitivity cf the recording instrwoentatiou no vibra-
tions vere evident in the loa.ing produccd by either the Baidwin muchine or ths
pulse-loading xuchine. However, vibratiuns having o amplitude of som¢ 10 or 4O
microinches per inch of straip vere apparent in the -ests perforred in the Riehle

scraw type sachine.

X¥.3.% Residusl Microstralr Determination

Many metajs, tu% not {>~ludiug mild steel, do not sxiuibit = perfectly
lincar relstionshiy belwecr wppiled stress and roowlting strain or vice versa,
evel fou relimtively low values. 07 tuurse, the dogree to which this holds true is
ermevhat dependent upon the sensitivity of messurement. posesible vith the nethod
u.;led for obzerving striss &nd s4%rusin. While mild steel does have a nearly linewr
and aimost purrfectly elactic strecs-straln relationship for relatively lov levels,
a departure froam ilnearity and from elastic action does become evident al siress
lavels abov:: something on the order of crz-b&lf of tae nominel yield straagth of

the steel.
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Scxe 1:’.vc.:st,igut.or535‘ 30 hav: suggested that a critical mmwunt of incias-
tic "micrurtraln” may be nen zasry befor: g gorwra’ yis=ifing conditicn iz initlated,
(In this repowt < torn pleroctrain will e applie to all inelsstic etraining
proceding the development of th: gedersl ylelding condition.) It follows, then,
that & difference in Lhe character of tre micrustralaing which praczden general
yielding would bo relatcd tO the nsture of the dynacic yi-:Lding kohavior. However,
a2 8 matter of luwurest, a few cycrled losdinge werc applimd 40 8 fow apeciuous of
tihe Snok, MRBA, and 36TA coricc 1o the Palawin hydrauilc “esting machine, the pulie-
loaaing machine, said *he Rirhor. screw typ. “eating wuchine, The ctraluning cycles,
which had w "period’ af about 2 mizutss (Quricg which sbou’ cne minute was required
for the streining and one miaute S0 making ‘he resldums struln messwrementi), wore
of succesaiveny Inc~esnlng magtftudn culmirse’ing in She yi-.dicg of lic specimin.
Freceding <d fo.iowing cach £y e of <raining, b SR-« gage: abtached
o the gage secuion of rhe opo  lmet wer., riau J4sing & Balawio Typ. . swvradn
indicator. Froe these remaing. o roclawel ctrain resulting r'roo ea l (tralu
eycle wae deturmined.  Tar resw s whil e prococceed in Fig. & inditate that in
thase Lasls guneral ylr.cdag wa . precoded By irela '..'; microtralr- ' ou e order

| -t
of 2 x 0 . /in.

5.3.5 Rarid Ui faaia. Te .

A Azceripuicn of tne nests and the reaalts ar: presentea in luclce S, A
cruls ol thece sebll. wWill revies that LD most of *.ml rapid %o ‘e lcas: wWery
apniied replaly 'O & Constlan' lovel, .v.:'.d w.r: Leeld bt ouless Lovels throughout the
durs?.iun-oi' the te-t unstil yizlalng had nwarly -*opp, Weually some fcur or five
second. al'ter 1% compen:ia~rt., Foilewitg *his vhe lowas Wers roices:2 rapidily
o zerdo. In most o: the *ovt seriez, idersical ap-~{rens were S<oted ab either

the nowinul “stavic  rates or with ri < *tiw: of loadirgs on the order of (.C06

ke g A P ——
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seconds. The tests were run at stress levels ranging between the static upper

vield stress and the maximum sirength of the specimen materiml so' that a range ~*
L 3

delsy times and of rotes of general ylelding could be obtained.

In the 2RB and 2SP series of tests, three rise times of loadings vere

;]
[
£
[

00% ssconds, 0,10 seconds, and U.350 geconds.

For the NR, PS, ¢, K, T, and L series, the loads were applied to & fevw
specimens in tension and to the others in compression. Ouly Iln the case of the NR
series vere the stresses reversed after the specimen had been initially ylelded
under & stress of the opposite sense.

Az has been mentioned earlier, lle phenomena recorded versus time for all
series included nominal resistauce and a measure of strain obtained \;itb either SR-4
gager alone, SR-4 gages o combination with an extensometer, or a dusl range
exteusometar.

Photcgraphic reproductions, about oune-half size, of ogseillograms 1llus.
tvrating the loadings meniloned above and also typical resuits are shown in Figs. 17c
to 17f.

Bel'ore each of these teats, as well as before esch alow losding rate test,
& s=all lond (corresponding t¢ & stress of nu more than 10,000 psi) vas spplied ag
an aid in sligning the specimen with respet-:t to the loading &xis. If the SR-4
gages on the speclmens so inntrumented indicated & bending strain greater than about
5 per cent of the axial strain, the specimen was readjusted until the bending wis
less tﬁen that valur. Oa the specimens not having OR-4 gages the small pretest

ot was applied and released to "settle" the specimen iu its seat, a precedure

+*
In Table 5, 4o mignitudes ol time repld loads are listed uuder elther oyy or Oyy+
“hese expresslons for shkreas are equivalent in rapid teots.
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which had produccd ratielactory aligrment of mwost speeimens instrurented with SK-+

gages.

3.2 0 Effective Gage Iength

As way mentioned earlier, a problem associated with use of the informa-
tion obtalned frow the uniexial stress invesgtigation is that of relating extznsion
detzrmined from an extensometer attached acrose the saoulders of the reduced gege
lengtin of a spi-lien to the actusl etffective strain in the cpecimen. For small
atrains of an cisstic &pecimen the effective guge b.-n,gu-: can be computed and ia
& constant times the actual gag . length of the extenciaweter, However, vhep yield-
ing orcur= in the gpecimon, *Wv ffective gag. length will change with whe magnitude
of the' yividing. Tuis kmr been indicated by & sorisve of experimonts decigaovd to
yrovide ifnforumtion concerning this matter. In Figs. 19 are ghown the resulis of
*hi: invesztigation. VFig:. 19a ard 19b iandicate that prior to the beglnning of
yielalng, the effective guge iength of a chouldered sps cim n of mi13 “‘eel was
approximately vqual to *the computed Teimctic” value, A: the cpecimen yirlded, the
elTective gage length dropped replasy *o its iowent value which coircided with
geoeral yieialpg. ' A: ire pacim n :;‘ruin bardered, the valuo of tic <Tfectivre gage
leagth inereesed. For specimar . Gede of A nu'triel that cahibited no uppz.r-.lnwerI
yivla peint Vpheumt.m, the varinticns in off-ctive geg. lungth we. lees extrext and
wu iucrease of »fiective gage i:rghh witl orradn bareening was indicated. This is
{lluslratea ia Fig:. 19¢ and 19d.

It tke KB and SP erles ep.2im-ns the ofteetive gagy length aluver yleld-
‘{ng had nccurred vas &sewwsd o be con.iant. The valus wed we3 obtailned by direct
calibration during slov streinirg ras~ tests of tre "static’ sperimens., For the
PS, Qy K, T, and L maturial., thc effachiv: gags Lorgth ucced was thet dctermined
frow pilot tests of the sawe material. ALl ctrainc as reported in this repert are

corrected for the effect of ylelding upon the effective gage length,
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3.4 Results of Uninxial Teats

5,4,1 Genergl Time Sensitive Behaviors of the Materials Tested

‘4 ir Coaparellvely well koown thet wmetals having a body centered cublc
lattice strocture wsually yleld in a discontinuous manper under slov *stes of

straining,

It k85 b=en siown that the same asterlisls when subjected to rapid load-
ing or siraining yield in & meoner indicating relatively large time sensitivity.
Stesl in the commonly used forn 1s one of these materiasls, and therefors its
yielding btehavior differs considersbly from that of 3 material such as aluminus
606176,

It 18 & characteristic of mild and lowv-alioy steclis that, under & 10w
relatively constant rate of unominal wsimxial etraizniag at room temperaturmea, their
resis s gues thmough four rather arbitrary stsges: {1) the elastic ruge termine
sting in ( 2'; microstruiuing followed by he developzcnt of the conditiou of [3)
general ylelding (in which the level of resisizncs 18 & function mainliy of the rate
of otraining) vhich in turn 1s followed by the advent oy (i) strain hardening and
subsequent fracture. The four stages of the ncwinml resistance-deformation
characterisvics of these ictals are gquite evideut in the slov straining reste tests,
but, of course, zre no lass preidsat in tests run undcr otheir ¢rnditi~us, such as
slow constant rate of incresse in ncminal -trésl. Of the fouwr stages mentloned,
the middle two, microstraining snd general yielding., are guits timc seasitivej ths
elnnutic range 1s almost insensitive to tire; and tue renge beyond the commencement
of atrain hardenin; is only alightly time sensit-ivef

The time gensitivity assoclated with what in this report is called the
mic;-cstrah‘_wg pheaumens, has been termed che "delayed yield" effect. This i3 pore
haps best revealed urnder tests involving repid stressing to a constant stress level

such as were performed in this investigation using the 20-kip pulse loading msachine,
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In the materials ftudies presented i this report the time delay in ylelda'ryg iw
dr-fined arbitrarily ss the Interval between the 4ime al which the soress first
reached a vaiue corresponding to the lowest upper yleld atress oLtained in a slow
test, and the tiwe at vhieh yi=ldiog had becom” gencras enough that the epparent
wodulus (nominal stress/noainal strain) hed dropped to avout 2/3 E. Delsy time so
defined has ergineerioag siguificw.te {n that it 1s relatec &t one ead to a stiress
level high encugh to reault 1o ylelding under slow loading or deforming conditions,
and at the other end to a parme‘;e‘.r ibvolving both strese and strain which hes an
arbiirmry value indicative of o amouwi of yieldin-g sufficient to mark the begin-
ning of gsneral yi.liding.

The raww of geoural ylelalng effect {(uLualiy termed soucwhat sabiguously
the strain rate effict) isr most evidunrv perhaps inrtea'.s perforaied at various cone-
ttuist rates of pomirwml strain, Lut It will alac be sppasent, of course, in tests in
wilch nomitml 8%resa rather tlo) nominsl etrain ie the fwetor most nearly inde-
pendent of specimen behavior. Sucl: 1. the case in the "rupld loading to ronstant
stress level” tests. After gentiai yleldirg hes begun (following the delay in
yielding If preasnt) the spesimen will ;’--'-rm-m 8% & rate which is dependent upon the
stress level being maln'sined by the px.rmafic loading uuit. OSince the neveral
tests are run at different coustant cirese lovels, btoth delayed yi=ld and rute of
genera; ylelding iuforze’ics can e obtaired from 8 single test series.

For most mila =%2cla the transition botween the general yielding condi-
tion (flat yleld region iz Lhe costan'. rate of stralning test) and the region of
atruin hardaening ie somewhu® more gradus. thar that between the other s“eges. (0f
course, thy "graduklness™ is largely depsnd ot upca the time resolution possible

with tte recording techniques w.»d.) The t<st: ruz at tke Unlversiiy of 11linois



i kild and low-ulloy steels indicate thsy for a particular steel the transition
begins at about the r=amc total stradln regardless of thae rates ilnvolved.
In & repid test to & constant stress level the straining finally ceases
»T a total strain which usually agrees well with tba® correspouding to tlw strain
chtuiued at the same nominwl stress under =low loading or dsforming conditions.
For metals such as high-slloy asteel, structuras aliminum, ete., yfelding
under 3low rates of strelning 1s not & discontinuous procezs, znd liw bensvior

nder rapid lowding is not as time seusitive &3 16 the case for mild ateel. This

‘a indicated in the results ior whe NIY, USS T-1, and 6061-T6 matcriuls.

3.4,2 Resulis of Tensicn and Compresaion Teuts

In Fig. 20 is preserted in three dixensions the relation betwsen stress,
strain, snd tiue as obtained from unlexisl tests of mild steel involving slov and
~apld loading to constant streas levels. In this relationshipy the so-caled
:elayed yleld und rate ¢f gemeral ylelding behavior are quite evidect. BStrezs-
raln aad strain-time relstionships representative of tha matarials teated awre
aown in Fig, 21, These coatain the sume informaticn as iz shovz Jor ond waterial
-4 Fig. 20, The informstion whick is presented {u these tiéu.reu 48 abstzacted in
e form of dalayed ylelding and rai. of generel ylelding informamtion whire thase
~encmens were present, m.d in the form of vericus tixes required for yielding to
~3gress to spr..fied values of the nominal secant moduius (nominal stress/nmominsl

rain) whzie delayed yielding snd rate cf gencral ylelding behaviors were not
onounced. In Tebies  wre preseated thesa valuss for all of the tests woich were
-rforned.

The delsyed ylelding and rate of general ylel4ing behswicr ls presented

pectively in Figs. 22, 23, 2+, 25, and 26. In the first of the figures of each

- the valuts are presented versus the nwminal siress, snd ln the seconk rnd
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third, versus s stress parameter involving, in the case of delayed ylelding the
static upper yield atrepgas, and, in the Cuse of rate ot general ylelding, the lover
vleld stress obtained uader a rete of strulnlag corrmssponding to approxinetely
10~2 in./in./eec. These basic veluee were obtained under slow straining of the
spel lmwn materiuls in conformance with ASTM Specificatioa A370~50T, mud therefore
can Berve a8 & basis fos extrapolation ol these reswis o other meterials which
are simdl.wr but which bhave valuea of upper wnd lower yield stress different rroa
wese oblitned tn thic investigation.

There was little noticeable diffference {a the behsvior of the zateriale
whiclhi welw tested wider both dnitial tensicu and inftisl compression, that is,
ASTM A-252 ateel, USS T-1 oteel. & fully-killed wmild steel, and S0GL-To slumiuum.
1f the reader wishes to make fhurther rosparizons, Lhe may obtaio from Table 1 the
inforseiion coacerning the type of tuet snd trom both Table 5 and “lgs. 22 through

20 the results which were obta'ned,

5,4.3% Resalts of Preliziumy Reversed Strogs Twets

As can be seeu fraom Tsbtle Sy, & fow tests were purtformed with s revercal
of losdlag subsequent %o initial '.eurug.- The materisl froa waich tlese specimens
wrre made vas the semi-killed plate etock uocd for the Z5FA ceciesd, and the BF
series flexurz tests descrived iu S2ction & of this report. The dimenslons of the
preliminery slrces Ioversal spedlmans, the specimen protile, and the manper of
attachment to the testing upparstus are skown in Fig. 12. There were several dis-
sdvanteges in the use of thia typ of 3peCimmn, nammely, Hhe attachnex-xt of ti
exteasometer to dapressions punched inte the surtacs of the specilmen, the non-
uwndform diaxeter of the specim=n, and the relative difticulty of attaining axialdty

or the load. However, the results are roverth:less intsresting, as can be seen

from Figs. 28 through 0.



In Fig. 2T the relatibn between the upper yleld stress parameter and the
secant modwius (nominal stresa/nominal =trair) for the slow loadlog tests is shbown.
These curves indicate that yielding was rn;her gradual in thege apecimens and began
at a stress which was considerably lot=r than that which was arbitrarily "wcod as
the upper yield ctress of the material. In Fig. 23 is shown the effect of reversal
of loading rollowving slow yiciding., This 18 the su-called Bauschinge=r effect; the
foct that after baviag hbeen ylelded Jn oune direction, subssquent reverdal without
agiog »i11 produce almoot iemediate inclastic ‘beﬁavior et relatively lov strain
Wiik 2o »vi!dence of &5 upper-lover yield behavior.

%“he results which were ubtained in tbe four rapid swtress reversal tests
are shown in Flg. 29 in the form of stralp~time relstionshipe. In these tests a
reversal of iuvading vas applied vithin a minute or soc of relesse of loading followe-
ing yietding in the direction in which the loading was lnitial.y applied rapidly.
mmf&1w, these were not rapid in the sense that the entire stress-time relation-
ship facludlug rcversal Jes lapo.ed withio s very short period of time. Howover,
the change 5f sir=ss frok _t.h.e initiwl Zero level to the constaat atress levels
Iimhcu.ed ia the figurcs was rayid. Again a behavior which could be calied the
Bausch.oger affect in rapld Jouling Lo evident in ubal no delay in ylelding vas
apparent ypon reversal of losding in a direction oppusite to that used in ianitial
yi=lding.

Becaus: of the nopn-uniform dlemeter or the specimen profile used in these
preliminary reversed lcading t-sts and tbe cous=Quent difficulty in relating exten-
sowstor deformetion ¢ undt ctrainm, no attumpt was made to ipterpret the results of
tue rapla reversed loadirg experiments in the form of rate of geperal yielding

informatlion.
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In another geries Of stress reversal tests, an inltial slow loading to a
level below that whirh would causs gencral ylelding vas fullowed by & rapld reversal
of losding to a level sutficient to cause ylelding. As can be seen from Figs. X0,

8 delay in yiclding was obtained in all of these tests, and this delay agreed well
with the delay times obtained in the loudings of virgiu materiel in the previocusly

mentioncd rapld tests,

3.5 Summary of Recults for Undaxial Sbress Tests

%3.5.1 Summary of Resuits

The results of the slow end rapid uniexial stress tests which wcre per-
formed on many materimlrn in fnitim! tension and initial coampressiou, and on one
material in compleie ctress reversal, have been presented in the form of tabulated
results in Teble 5 aad in thé various figures mentioned previously. In general
termis the res.ulis can be summarized as follows.

(1) Th¢ metuls tested which exhibited a pronounced upper=lover ylzla
point hehavior under conditions of slow straining, and had stress-strain relation-
ships with discontinuitics ia slope, also exhibited the time scnsitive behaviors
taswed daclayed yielding snd rate of general yielding (defined eariier in this
report).

(2) 1In the ouly tertr in which the rise times of rapid losdings vere
varisd (from 0,000 sev W U.5 sec), the comparivons of deley tiwme e defined by =
stregs parameter involving the upper yileld point indicated no perticulsr sensi-
tivity to the rise time of loading within the limits iundicated above. This result
can proovsbly be attributed to the manner in which the elapred time to generai yieid-
ing was &ibitrarily defined (the interval Letweecn the time st which the stress

firet resched the noalved static wpper yleld sirese level and thuv ot wbich geperal
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ylelding occurred as indicated by n value of stress/strain equal to 20 x 10

pei).

(%) withiu the range of rapidity of lredinga armlied, that is, rise
times goeater than 0.0Q06 5&:92&3, the vaius of Youug®s moduius was constant. The
so-called strain hardening regioo also was reilatively ifussusitive to time effecty,
The major time gensitivity was ussociated with inltial ylelding and subsequent
general yielding, the so-called delayed yiulding snd rate of geperal yielding
behaviors mentioned previously. For the nigh strength alloys of steel, &nd for
6061-T6 alumioum for which static stress-strain relationships having no discontin-
uity of slope were obtalned, n) delayed yielding or rate of general ylelding
behavior was evident. .

(%) The results ¢f the ;lex'y few prclﬁinﬁu‘y experiments in slow and
rapid reversal of loading indicate that the so-called Bauschinger effect which ia
commonly observed in slow reversal of sisumse, iv also present in ceses involving
rapid st}ess reversal with a coasequernt abscuce of delaysd yield bebav lor cambonly
found in virgin material. Because of the type of specimen used in these prelim-
inary studies, no conclusions could be reach=d regarding the rete of general

yielding behavior.

3.5.2 Grneral Significauce vl Results

As can %e seun from the results deucribed above, the increas<d resistance
which results from the time sensitive buhaviore of mild steel arbitrarily tersed
the delpyed yi-lding and rate of general yielding pnenomer: can approach values
S0 per cu;:t jRreatex tmm the remingl yield values €ven fur the relatively slow
rates of straining which may be created in frame type civil engineering structurec
i which the ectusl deformation of the major structural elements results from Lrans-

fer of air blast or earthquake shwock loeding theough the supports or outer shell.
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In the case of many chip structures in which blast loading is applied directly,

such as hull plating -aub,jected to underwater eaplosion, the actual rates ot strain-
ing can e muny times greater than 1 in./in./sec. 1n these cases it 13 to be
expected that resistunces st least Ra grest as tha nomival statis =)timete st2ength
way be obtulned without ylelding or may b~ supported by the rate of deformation.
Therefore, astimates ol the response of these structural clczcats beswd upon nomiaal
resistanses derived from static ylell values with no {utrvase for e Lise seasitive
effects vill be very greatly in error. (The erros hovever, vill be on the safe side

Wl trittle fractwre or fatigue 18 & consideration,)



4, SLOW ANT RAPID FLEXURE TESTS

%,1 Inatroduction

Structural compounents undergoing flexure such as beams, plates. and
colwnns, are major elexculs of almOst sny structure. Waretore, It 1o logical,
as an intermediate step betweer the uniaxial stress investigation and spplication
of thuse reaults iw :he behavior a7 large tull-slac atructures, tiat flexwrml
struss siudina te made 0l the same watz-ials vhich were teastod under uninxial
atress conditions. Surh an investigation is described in this section of the
report.

la all, three sets of ;peclmunu were tested. These included & prelimi-
nary ser.es, BF, made frox the Gemi-killed p;ute stock deiignated SPA and PS, a
series, BK, made fram fully~killed eteel K, and o less coampleiely instrumented
‘series, BL, mads from 60E1-T6 aluminwm L.

Fach U ihe lcri;s Jas camposed of rowr speclmem , ore of vhich was
sutjected to. a rlcv lozding, while the other thres were tested wider rapld loading
to a constant leva..

Siuce the materlals frow which the flexwre specimeus vere camposed was
aluu wested wuler conditiv.t of uniaxial etress, 8 corireélation of the two atre=xs
conditicLe Wuw uttemnted.

The purpnse bt this rection of the ruport is o describe these flexwre
tests, “ke cordltjons under which they were run, the results and their engineering

signiiicance

5.2 Descriptis: of the Flexure Testing 3ories

4,2.1 Description of Flexure Spobimens

The flexure ppecimens in 5l cuceg were umall heams of rectangular

section appro«imsately 2k in. long. The depth of the csection was very close to

i
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2 in., while the thickness or width varicd frox approximatlely 2/5 in. to spproxi-
mately 7/8 in., The specimens were band-sawed from the parent plate, then machined
in & shaper t5 very near the fipal dimensions. Following this, the outer surfaces
&I the specluen were drav-tiled axd hand poliched to th> tinal dimensious., All of
the materials were tested io the ai-rolled condition, and the only trestment of any
gort that they received other then norzal handling was that dwing the wpplicstion
of SR-4 gager they may have been subjectcd to prolonged heat of uo more than 180

Qegrees T,

L,2.2 Msteri=) Propertics Under Unfaxial Siress

As was mentionsd in the lotroduciion of this section, unisxial stress
tests vere made of the muterimles fruw vwhich the flexure specimemns were composed.
The stress~stralu relationships, typical of those which vere obtained for these
materials ure shown 1a Figs. J6a, 3d, and 35g. In addition to these results, the
delaycd ylold bchuvior and the rate ol generial ylelding behavior of the two mild

steels are shown 1o Figs. 36b, %<, %e, sud 3f.

L.% Demcripiion of the Testing Frocedures

L.3.1 Flexure Testing Arrangement

Both the slow and rapid 22ading teats were performed in the apparatus
shown in Fig. 32. This is an attaclment designeé specifically to adapt the 20-kip
pulse loading unit for these flexure tests. The loads &are uppiled to the underaide
of the bean st the third-pointc, thereby deforming the beam upward 8s is shown in

he figure. The only festure ¢f the testing srrangement that mumy not be clear from
the photographs is the end reuction system. The najor bearings in the arrangement
are roller bearing ussemblies which are attached to the m chine frame by means of
pine fixed on a 20-in. span. The reacticn of the beam ends is treonamitted to the

outer race of the roller-bearing sscembly through plates which are clamped ic the



top and bottom of the bemms by the bolts which are spparent in the figure. This
cnd-reaction arrangement permits both translation and rotation at each end of the
bema with the span length remaining fixed at 20 in. Iu other words, a change in
length of the center line of the beam occurs during a test as the beam ends rotate
ard the bemx detoums upvard,

“pe loads which were applied to the specizen were measured by nvans of
the two dynamometers visible in Fig. 32. The crocabar whinh ¢an be seen in the

photograpns wae provided to preveat flexure in the dymancmuters.

“.5.2 Flexure Test Instrumentstion

In these eaperiment= measuremvn's vere male of the loads applicd at the
taird-points Of the beam, the acceleraticn of these loading polnts (except in the
cuse o the aluminum speciment), the deflections at the third-points and at the
ceuter 04 the pure flexure region, and the strains oo the culer fiberu of the beam
in the region of purs flexurt. The relative locations of the loading polnts and
the regions of otrain mtasurcment are shown ia Fig. 3.

ALY phepomera were recordsd ¢n Hathaway magnetic osclilographs ol the
type mentioned ta Sectivn 5.%.1. The SR-b guges used Lo messure thit outer fiber
stralns on the specimen,and as tbe transducing elements {n the dynmmometers, vere
connected into four-a:w btridge clrcults es shown in Fig. 3%, The accelerations
were mescured by means of an AMS-20A Huthaway sccelerometar It wau Teatened to
tne side of the lowding bemm ns is evident in Fig. %2. The deflections vere
neasured by means ot the slide wire geger shown in the over-all viev of the testing
arrangement. Tohe circultry of the defrlectlon measuring system Is ghown in Fig. 35,

Since two Iundependent osclllographs were used tor each test an Juter-

locking timing cystem was necessary to permit correlation af the records, A timing

[ N B X I 2 B Y P S pev sy R I

PN |




L

3

signal of 500 cps was recorded by one galvancmeter in each oscillograph and the

interlock was p-ovided by a switch driven mechanically.

4,5.3 Description of Flexure Tepts

As was mentioned in the introductory remarks, there were three series
of flexure tests. The first of these wuas more or less preliminary in nature and,
because of evident discrepancies; the results are gomevhat quectionsble. This
preliminary series, vhich lms been desigasted BF, was compostd of four tests. The
first of these vas run at a slov loading rate in the 2-kip pulse loeding machine.
In the other three, tiwe luadingus werr applied in apprexizutely £ xilliseconds after
whi!h & coneiant level vas wmaiatalaned until yielling hed virtually ceased. Then
the losding ves neleacad,

The second zeries dczignated R, vas tested using llliehtly di fferant
instrumentation, In wu allempt to dvtermine whether or not the distribution of
strain throughout the depth of the biam secticn was linser, SR-4 gages vere
at.t.uged to the 3ides of the speciwsn at four depths thrcuih eech helf-depth of
tha bemm. Thess gages may be clealy sceu in Fig. 3% Ia eddition, the curvatures
in the region of pure flexure vers desterxined for large deformstions by mcans of
wpring steel curvature gages using SR-4 gmges «s the trcusducing elements. These
vere attuched to the nomipal ceater lirve cof the beaw on éach side as ie shows in
Fig. 35. A diffeﬁnt sensitivity was used in each o1 the two reccrding channels
attsched to the spring-steel cwrvature gages, »0 that the entire rarge of curvature
“as adequately detfined, Tlectiona were measured only at the loading points in
this particular geries of teats, .‘.g:la, as in the prelimlnary testiug series, IF,
the firet teat was performed st a slow rate, Howevci, in thls BK serles the straun
was controlled by means of u hydrsulic Jack attached to the lower end of the 20<kip

pulse loading unit piston rod. This strain control resuiited iu a ressonsbly



constant rate of deformation throughcut the duration of the test. The other three
specimens of the BK series were tested with 2 load rapidly applied to a constant
level. Three different leve;s 21 loads were used so that a range or possible
delayed yleld behavior and rate of general ylelding behavior could be determined.
Because of faulty film sdvancs duriig the wesi of BR%, the records for this speci-
wen were lost.

The last series of fleaure specimius was composed of 6061-T6 slusinum.
The inastruwmentation of this particular testing series includnd messurement of the
“oads el the thisd-points, tbe deflections at the loading poiats, the strain of
the top aud bottom fibers in the region of pwe flexwe, snd the curvature in thls
iunc regqion. As with tne other testing series, oze test vas performed slowly snd

the other tiree rapidlv.

k.4 Resuwits of Flexure Tests

4,41 Experimental Pecults of Flexure Tests

Toe data recorded in ths thres serias of f'lexure tesis wre presented (o
Fige. 37, 33, and 3. 7The valuss of X, aad ¢ for the fleaural speiixess are
gives in Fige. %oa, 364, and %y. Rate of cwrveiure-tims relaiionships for the
rapid tests wre also invluded since this information ves obtained for use ia
computing the resisting no-&m.- for the ‘necuou.

It was planned to detérmine the resistsnce of & glven Leam Dy aubtracting
the in.rtis force a8 obtained fram acceleration measirsuents st tue loading point
(and an assumeoL effective mass Of the bemm speciman system) rom the applied loaed,
However, the sccelerution traces ware not distinguishable in the region of initial
loraiug. Iﬁerefo;‘e, tha reslstences wesw assumsd to Go Uic same as the applied
loud. Tre wanlman error resuiting from this approximetion is catimated to Le less

than 2 per cent. Of cowrse, tor large defiections of the beam, & correction wes
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applied in detvermlning resisting moment from the lomds weasured mt the third-pointc
ot the beam.

The previously uentioned correction of resisting moment due to large
deflections was made with the use of the loading poinat deflection gage information.
The wowent Ar between the reaction and the losding point was incresused by the
factor secant (tu.n'l mA/6.67); the reaction was taken as the dynwgometer resding,
% vertical force, lncressud by the ssme factor siuce the crodsbar between the
dynaometers produced a horigoatel component of “sroe acting st the losding puints;
and the moment ww wvas decreased by the factor tangeat A/6.67"since the loads vere
applied halfl the beam depth, or more, from tle longitudinal ceateriine of the
speciman. Actually, & more correct value for this letter factor vas 1.0 times
rangeat 5°0.07" o account for the thicknoss of the loading blocks and the roller
diameter. This larger ccrructica wowld have decreased the indicated measured
values of resisting moment ratin Payond /= 30 an additiosal L to b per cent
with respect to wual is now shown in Fige. 40a, 4la, and L2a,

Of primary interest to those concerped with the eagiceering behavior of
materials subjected to flexure are the results presented in Figs, 40, 41, and 42.
These are the relations betwewn rasisting woeen’ and survziurg obtulucd for the
srecimens teated, At suy curvature the resistance obtalned for the ateel speciuens
tested rapidiy was considerably larger thun that obtalked for tke companion speci-
wens tested slowly. This ipdicates that there 1s & time Aensitivity associsted
wvith the behuvior of mlld steel in flexure.

In an earlier part of this report, Section 4.3.5%, it wes weutioned that
the results of the RF Serles vare somswhat questionsble since discrépancles were
evident in the magnitudes ol the meunsured resieting acments., Thess aeaswed values

vere too high in the three regions which can be uvsed for clecking the data in both
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slow and rapid tests; i.e., the elastic rezion (a,’cze < 1) vhere H/Me = a/ae, the
general yleld region (1 < a/oref_ 10) where M/‘Me approacaes 1.9, and tho ultimate
region (a/cz:e ¥ 80 for Beries BF and BK) whers l«(/Me = 1.5 c;/rry = 2,9 in thela.
cages. Re-examination of the original dats indicated that the load values assigned
to the calibration shunt pesistor used with both of the dynamcmeter channels did
not correspond to the load eguivalences of the dynemoneterss at dynsmometer trains
equal %o the appareat atrain ouiput of the asbuat matalor. This vheck indicated
that the loac sguivalence of the shuni resistor vas 88 to 5l per ceat of the shunt
value used originaliy in reducing the Jdata. Tav origioal dats were therefore
reduced by & factor of 0.91. The sdjusted data, shown iu Figs. 57s and 3Te, ware
used for all subsdguent computsiioce periaining to this teat series. Since this
change cannot be subslaitiated, except Uy noting the r'casonsble agresmant in tie
*nree regloas of curvature as detallsd above, the BF Series results nust be cousi-
dered Questiocunable.

The seasursd resistaances of the repidly lowuded BK specimeus, Flg. h‘.n,‘
indicate Luat for ths particular rise times of load (4 1o 10 miiliseconds) possibls
vith the :uhim-upeéuu system used, =n wepsr 1imit of resistance vas obtajned,
s least until tae work bardening range of cwrvaturus was entersd. Spocimery IK-3
wad subjected to a potential loud eome 30 per cent areatér than vas BX-2, yet only
nt & curvature ratic of about 40 couwld specimen BK-2 provide suffisient resistancs
‘0 Opposc tuc m~tng force,

Mild siecel beams were definitsly time sensitive; but, the results of the
raplé flexure tests of the ML series fnalcaled that there was little, 1! any, time

ensitive behavior of the aluminam members sublected to flexure. The resieting
aomert - curvature 1elationship tor apecimen B'-k is the only indicatics of an

increase 1n' resistance with the rapidity of detformstion of an alumlnua bteaum.
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i However, thie result ia qu--tionuble oincc the messured resistaace did not agree
ay vell witk theory as could br expecied in the elastic reglon, an indication of
reecible fingccuracivs in measuement., 3ince aluminum coupons astressed wniaxially

_' did not exhibit = time dependent belwvlor, the lack of such beanavior in saluminum

Flexural gpecimens was expect-d.

..

ue L.b,2 Corrclatisn Study

An uttempt waa made to correlate ibe behavior of these small mild steel

wanid

beans under flexure with vhe known unlaxiaml strers properties of the materials from
whi:k the Ceams vere made. In the ccrelatlon ascociatud 'with the prelluinary series

BF, it vas Decessmry tO assume tfat the 2iatributiou of struln vas linesar thioughoui

R I Y |
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the depth 0 the buex section ard that *he ma‘eriuwl behaved the same in both tan-

: ; wiua and coapregelon. For the next serics, BY, it had been determined that thess
‘g g assumptions vers valld. Tirrefore, proceedily frow the messured strains of the

* { beatis, the revsistances ino the r~g'un 2f pure flexur: vere computed using the

: 3 measwed valws oF the lustertascous siraing and the known delayed ylelding and

‘ § rate of gencral yleiding belaviora of the materiuls from wbich the beany vere sade.

(The procedvre usecd ror aralyzing *be rapicéiy lowd-d sprcimons is described ino the

PRI

Appendix.) In the cewsr of % slowly d-formed specimens, BF-1, BK-1, wud BL-1, the
winilorial stress-strain curves as determined from slov stralning coupon tests vere

ubed tugetlher with the medsursd r*rsin. of *he beame.

PR

The ivbults Of the correla*ion sludins urs srown in Fige. 40, 51, and k2.
The measurcd rezistsncs of Bb-t g n2raly excseded P computed resistuuce; but,

the opposite= wasr triue for eprcimsn BK-i. The fuilure of messured reristance to le

R

as great as computed resietseec ners been noted by other investigators of the

TP, )

inalastic behavior ~tf zembisrs. Toe diccrepancy ha: bheen blemed in part on the

severe strece concentration: assoclated with the application of concentrated loads

Srumed  wmatl g teend poemad gl b}

[T T T

-

o



7
7

t. the epccim-:ns. The n.asured resistance curves for specimens BK-1l and BL-1
exbidit & rising characteristic at large curvetures which probably resulted from
an insdequate correction for large deflectioas.

Figures 40 and &1 show the correlation, correct to within O wo 15

©
1
4
T
]
4]

pexr cent; f

1%

spidly loaded specimens whea tbelr resistance 18 Cumpuiuva wilig
tha delny time-stralu rate rrocedure. It »ay be noted that the use of strain
rate information aloae was inuulficleat to predict the maxinam reslatauce of the
epecimen before major ylcelding bogan, but that this deficlency was satlsfled by
the inclusinn of delay time coxaidersatioas. Since ao wiiaxial time depondent
properties of these zaterials dslommed into the raage of straiu hardenliiy were
deternined, the correlation was coatinuad with respuct to cwvature using only the
svalluble rate of geoeral ylolding data uatil the rate of curvature approached
zero. At thias limit, the existing revlsting stress is thooretica.ly GL, and the
resistipe wmu~t s 1.y ﬂ.. Actuslly, thes boams Lal 8 much greuter moment reaist-
ing capscity *ha. these computations ilndicaie, because the geowetry of the spevimen
permitted atrain k}n'&emng without local buikling. -

1oe computatioss of the flaxural resistance of tle rapldly loaded bemss
descrided in this report agreed vithin au aversge of about 10 per cent witl vhe
weasured resistanced. However, the method of analysis presijprosss thc availability
of the deformation-time functios for whe beam. In & practical pmﬁ‘.&: ths resisti-~
ance and deformation functlons, vilch eré interrelsted, are initially set
arbitrarily vefore proccedivg with the solution. 'mrec.:cmmn sesumptions for bean
reslotance R4 & Pun~vion of diepisccuent are shoia in Fig. %3, These are the
folloving: (1) & resiztance devived Mvaa # ztroz bigck {(scting st =ny crc->ss-
section of tpe mumber) vhich 18 the elarto-pluctic s’cfesa-str&ln curve for ihe bean

raterial; (2) £n elasto-piastic resisvance functioa with an initial elastic slope

fprper



¢

[

U e e peoed

L W UM il GO v W

-

P B - - 7 R

L I S

Sl e 8 Y A S o et SOOI en R o 5

Pl g

o

[T R Y

- |

[TPp—

P

continued to the plastic moment ratlo of K/Me = 1,5/ (3) an eln-sto-plsstic
resistance function with the initial elustic slope continited to a plastic moment
ratio ol something greater than 1.5 to account for the dynwmic effects.

If the measured resistence or the rapidly loaded mild ztocl Liaks is
interpreted i terws 0¥ the arbitrary resiatance functions described above, the
third method would most sdsquetely predict the obsarved bahavior if the fully
plasiic resistancs 1s iucrenssd by 60 per cent for BF-2 snd 0 per cent for BJ-)
{protably high dus to the questicoably high dynsmometier daia), wid %0 per ceat for
BX+-2 and Bi-J.

8.5 Suasary of Results af Flexure ™ests

4,5.1 Summary of Results

The major puryose of ths (laure tests was to determine whetaer or not
the resis‘ance of matarial 1n flexiure Oould be correlated vith the stress-strain.
tine {nformatios cbtainsd iu slow and rapid um.w.u ttru.l tasts. Therefore,
ihe results of the flexure tests are interpreted in such a manner that this comper-
{son is relatively simple, Basic data xhich are representative of slow and rapid
tests Gf each Of the thres materials testad ars shown in Figs. 36. In Figures &a,
“la, and 42s moment curvatwe relaticnaliips obteinsd from all of the Ilexure tests
&re shown.

As vas mentiuned earlier, the major purpose of the flexure tests zas to
daternina vhether or not the belhavior of mkterials whep sublected to slov and repid
Ilexuwre could be correlated with the behavior (as obtained from slow and rapid
uaiexial streas tests) of the materials from which the heems vare zads, sreiore,
the uajor resuwlt of the flexural test investipatton is the comparison of veam
resistances as determined from measwred deformations of the beam apecimens and

knowledge of material preperties with the behavior of the beams €5 measured dirscily
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P
in each test. Thes¢ cwapariscss are shown for each specimen iu Fige. 40, 4l, and
%2, in which is presented {1) the meansured nﬁun‘._ curvature relationships, (2) the
moment curvature relationahiy determined usinglmwured deformation of the besm and
material properties d.eteﬁ.iud frod aslow wnd rapld uniaxial stress testa, snd {3)
the monent curvature relationsrip represeusting the slmsiceplastic strain relation=
ehiy vhica oost represents the basic strese-satrain relatlionship ol the speciman
matorial as oblalned with alow sirsiclog saies. Thls compurison indicates that the
tehavior of the material under rlexure can be uxplalued witlhiu less than 10 per cent
erres by cousideratica uf suterisl properiies ns obtainad in uniaxial stress tests.
his explaoatiun ;; in =l=ost &ll Cases more accurate than the commonly used elasto-

plastic ssswaption.

4,5.2 Significaice of Reduwlite

The results of tue flexure teaty bave been cosrelated (within resioaable
Lmits) vith the unlusisl stress properties of the material i‘m'\d:u.ch_ the beass
vore wads. This inditates thet it ahould be puasible Lo progress from the cwreat
Mc of the bohavior of rtructural metals uader alov ecd repld unisxial struss
Ly an explansticn of the bihuvlo: 2f structuwses composed of elsment= such xs beami,
tesx-columns; aud sedius thick plates when abjected o iruuunt. dynnic losdings

producing extruslve lnslastic deforumstions.
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5. GENERAL GUMMARY

5.1 feneral Swmary

As was mentioned in the {ntroduction of this report the primary purposes
of the investllgation were to determine the time sena{tive atrers Jeformation
characteistics of several o’ che mure combonly used structiral metals, and to
determuie the engineering sisnificanceg of this {nformation as regards sppiluation
in the solullon ¢f protlems concerned with the behaviar of metal structures when
subjer~ted to transient dynswic loads producing extens!ve inelasiic defurmalion.

The WOk that has beer Aune has ficiuded wany tects of vevermi »f the
BOore cumaonly used structural cetals iccluding oild steels of the rismed, semi-
killed, and fully-killed varieties as obleined frox plate, bar, and rulled section
atocks; & "tv ufl tha commonly used allvys of steel; and one very commonl)” used
atructural alumisum. The tests have included slov and rapid applicacivus uf stress

under uniaxial conditions and corditions of purc flexure. In saddition, & “ery few

reversed loadings were appiied to One material.

The result~ (ndicate that {n general those materiais whiclh save 4 pro-
rounced uppe:r lower yield point phruacus in slov etvrainjng iate tests (thal ls,
a dlscoatinuity in slope of the sircws-riradn relationship) also exhibit a time
sensitive hehavior in the reglon Jrum initisd llneln!lcuy threugh general ylelding,
and & less risnificant time -r . vive herartar fn the region ol stralo hardening.
The so-calied =lasgtic region 1s apparcntly insencitive to time effects for loadings
applied in timeés no mere rapia than a fov aflilsecords. The resulis pertaining to
the time s-=nwitivity where precenst lwve 5oon arditrarily presented In the toym of
delayed yield and rate of generul yi-idiug Jnfermaticn, The results of the tests

of muterials which wer  wt very Yim: seneitive were preseated i the form ot



swrege-strain and strain-time releticnships, and in & fev cascs, us elapaed times
tn specific amounts of ylelding as defined by varlous arbitrary selected values of
'he cecant auduil (Btress straln).

A major purposs of che investigation, as vas mentioncd above, vas to
provide information which would indicate whether or not the rosults of wnlaxial
atress tcste could be eéatanded tn flewural otress cowddtivas. Tae results of the
flexure Lests which were perforw: 1 in 3his investigaiion indicate that thie can be
“one witlh lcas thac L0 per cent ermr.'

Therefore, in mauy casod 1L wbould be posaible to spply “le results of

uniaxial strees t~sts {a predictiung the response of fi'sme and piate type structures

".n transiont dynekic loedings tha. produce extensive (nelastic defoiwation.
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DETSRMINATION OF FLERURAL REUISTANCE FROM BEAM DEFORMATION
ARD UNIAYIAL, STPESS PROPERTIES

As was mentivzud in Sectior 4.4%,2 Lh: resisting mamernt co}ranpomd.ing to
the cwrvature mrasured in tha region off pure Ilexws was detomined by computaticn
wiing the deformetion as determiusd elther from SR-: asaas‘oa the outer fiber of
the bes Or froe the uurv-‘-ux"o geecr appiled tu Lbe wides of the beam, and three
ascanpiions; () taat she distridution Of stirain is linser through the dapth of the
veam lécti:m; {b) that the Lehuvior of tic Lean matarial wied s the same in both
terwion and compression; and® 'a) thal the macarials iuformatisn obtalned under
conditions of uiieximl siress “ar be ap,lfed %o the stross gradlest condicions
existing 2 tae beam.

For sirg.e loed aypli.stiocas, streso in miid sical 1s e siangic valued
fuaction of -'_ru.g\. Taevéefore, tiuc procodure ueed in conguting rralsting moment
from measurod siraisa is siraightforvand. It coasiste of dnt‘wu ths strain
Aiamritaiios o e Loam wectiun 8% wnr Lime coasidrred, finding shs corresponding
stress dlatridution by use of tae comparvcels atress-dirain relatiszasiip for the
bean muterial, and computlag La: risistiag momest frua She stoess distridbution and
considarsilon of the geumeiris properifca of 4= boan s2iticu.

For tae rapid cesta, tie proosbie wad Lo detarmine the resisting momaut
of a opie~imes sevtion from Lde moasursl culsl Tiaur pu-ain or tae :ltrlun 8y deters

mincd from the corvabtws gage 18 complizeted b, the fact thatl, und=r conditicos of

rapid londing, strans in Lao megariag) Lo 5 o 9F 1ot only atrain, il also

strain ret> and time, Howevos, by meYiig oo obhce oador agsumprion ia sddilion to

thoss lissed atove, the degirca ronistng muncut car be obtsinad, That assumption
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iz (d) that the atress-time characteristica of' the beam material, jetermined from
the materiala studied wader & 2tress-time relstiouship that is applied rapidly
and is thercafter maintained constant are applicsble to the struds-time conditions
probably existing in the beam specimens. (The validity of this sssumption can be
checked later by comparing the stress-tims relat’somhip computed for e glven fiver
in the hems with the siress-iime function with vhich tae materials were tested.)

The procedure used for determiniug tue iasiaantansous resistance of the
beam section to au imposed measured straining is dsscribed in the followving para-
graph. This procedure requirss the use of the mwasured sirain-time information
obtaired for the bess section cousidercd, and infursation similar %o that cootalned
in Fijge. Al and A2, vhick represeant t;ke,inalutic time dependent and strain rate
depondent bLshevior of one of tha bwa Ilblri-.lll used.

By using the mcossured besa deformation as determined oither froe the SR-4
RAges on the outer fiber or the curvsture gugr spplied to the sides of the beam In
coajunction with the fofommatiou of Fig. A2, the timea at which the varicus veluss
of apparent modulus were resched cculd be determined as is shown ia Fig. £3%. For
esch of those times the n.:tfeu ou the -ouur fibver could ther be computed
(o0 = ¢ + 3/¢) so that the stress-time history was koown for ihe perticulei Jiver
ccnsidered f.om the initial rtraining through straining corpesponiing to 0/€ =
2 x 1.06 pai (Fig. A3). Por strains veyond this value 1t vas assumed that the
iustantancous stress level could be determined from the measured strain rste
through use of Fig. A2b. In this nmnner the strers.time relsticnship was determined
for the particular fiver of the bamm consid;-re.i.r This, of course, could be done

for as nany fiders througn the depth of the section as desired (assuming that the

* The strain-deley time overlay used in Fig. 2> may be constructed from Fig. A2a
since ntrain gs well a3 stress may Le related to delay time by means of the
relationship o/e.
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distribution of strain is linear with depth) so “hat instantaneou: stress "blocks"
and, in turn, inatantanecus section resistances could 32 cmput-,ed. For the BF and
BL series flexure specimeéns the stress blocks vere dnterl;;ﬁ.ned by conuideration of
streins et six locations through the half depth of the section. For tae B series
specizens, lu which fowr SR-4 gages were posjitioned through each half depth of the
beam, a co.srelation of measured strains was made vith the rasumed linsar distridu-
tiocn of strain meativned in Section 4.4,2. This comparison indicated that the
distridbution of strain vith deptn was virtually linear. Therefore, as many indi-
vidual strains vere compiited through the half depth of the beam for the BX specimens
as were computed for the other flexurs tests.

Ko "elapsed time to /e = 30 x J.06 pel” data for the BX ntc‘riu vere
avallable since no SKk-4 strain gages were applied to the coupons and the extunao-
meter vas not capatle of {ndicating the time »* wvhizh ihe secast modulus first
' deportad frem o velue of 35 & J.l46 pai. Therefore, in the anilysis of iZis serics

of spicimens the delay for t s for o/¢» X x 106 piii vas taken am ieru.
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TABLE 1

SUM{ARY OF UNIAXIAL T2J3T1INC

ROGRAM

Tyix of awterial

Muner of Testins

Series (As rollel mid as aachined Slov R 1}\?
except vhere note) Losh 1 Burdoed  Cyclil Loslcd
RD Riazed <teul, AST! AT X % X X
Pollished X X X X
Motcled X X
Polishel anl innealed X X
Notchel and anrealed
|P Semi-killel atecl, AST! A7
Polishel X X X X
Not~hed X X
Poliahed and unealnd X X
Yotchel an} anreiled X X
N3 A5 1 AT oteel X X X
NR AST{ A7 steel, annealel X X
NN Low alloy steel X X
NL Low 111~y gheel X X X
XTY  Niexle-vhrowsua atect X X
W Sexzi-killca stoel, ATY AT X X
K Fully-killed steel, ASTY AT b3 b4
) low alloy cteel, AST AW X X
by USS T~1 steel X X
A,B  ASTM AT 3tevl, frowm rolled
WM section X X
L 5051-T6 structural aluminua X X




TABLE 2

IAKTIAL SPTCI L D731 ATION CG

Serles RB, S (Irofile Fig. 9)

The nwibers or letters in "digit" order are:
1. Specinen Area

1 = 0.100 s8q.in. = 0.37 in. D.

2= 0,200 83.1n. = 0.%5 in. D.

0. Specimen Surface
3 . Polished saooth (to about 15 u in, r.s.n.)
¥ . Aa Machine] (3urface roughness 1s about 150 pin. r.m.s.)
N - Polished then notched aboui 0.01 Ln. deep

3. Type of Gteel
R - Rimmel steel
8 - Semi-killed steel

4. Stock Foru of Met.l
B« Jot solled bar
P = Hot rollsd plate

5. Treatsent
A = As rulled
B - Annculed and opheroidized after zachining (1u Heliun
ataospbsre) Cw
2 1/- wours at 169C°F,
2% hours at 13<0°P.
C = Annealed w.d spheroiliced wafore aschiuing {1n HSelius
atmosphere)
2 5/ bours ut 1UX0°F.
2% hours at 1310°F.

6. Identicel Specimen Number
1l « first sprolaen of the type, etc.

Exanple: Specimen 1SRBAL 14 @ O.347 in. D. pclished specimea of rimed
otec]l cbtained from hot relled bar stock left «3 rolled and is
the second specimen of this type.

Series NN, M8 (Proftle Fig. 11)
L, MY (Prsfile Fig. 4)
o {Prorile ¥ig. 12)
;-] (Profile Fiz. 1%)

The cserics designation 19 sulfiaed Lo Indicute tlie orientation of the
coupon wita recpest to e Tiructiso of 211l rolling of the parent
material.

L - Lonoiwudinad

% = Transverse

Series ¥ 9, T, L {Prorile Fig. 13}
Bo sufPix procedes or follows speclmcu number.

Series PBL-A, K-A (Profile Fig. 13)

A = Reduced page cection over full length of the specimen
vctwean threads
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PRESSURE PANEL, AlD 20 KIP PULSE LOADING UNIT ARRANGED FOR
TESTING UNIAYTAL TENSION SPECTMENS
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